INTRODUCTION
Chromosomal ,J-lactamases are responsible for an increased resistance towards 84-lactam antibiotics in many Gram-negative bacterial strains. In recent years the emergence of this phenomenon has become a relevant clinical problem. Resistance is also displayed against recent ,-lactams (third-generation cephalosporins, for instance), because some of those enzymes can hydrolyse these compounds.
We have recently isolated and described a resistant strain of Citrobacter diversus which produces two chromosomal ,I-lactamases and exhibits a high level of resistance towards many penicillins and cephalosporins . Since little is known about the Citrobacter diversus ,-lactamases, we have studied the enzyme produced by that bacterial strain to understand better their role in the resistance of this strain to antibiotics.
In the present work we have purified these two enzymes to homogeneity and characterized some of their molecular properties and substrate specificity.
MATERIALS AND METHODS Materials
Benzylpenicillin was from Rhone-Poulenc (Paris, France), ampicillin, cloxacillin and oxacillin from Bristol Benelux (Brussels, Belgium), carbenicillin and methicillin from Beecham Acrylamide, bisacrylamide and ammonium persulphate were from Bio-Rad Laboratories (Richmond, CA, U.S.A.), Ampholines (PAG-Plate 3.5-9.5) and Mr standards were from LKB (Bromma, Sweden).
Organism
Citrobacter diversus strain ULA-27, a clinical isolate which is highly resistant to cephalosporins and penicillins, was kindly given by Dr. Brunello Oliva, University of L'Aquila, L'Aquila, Italy. It was grown in a Minimal A Medium and harvested as previously described . Protein and enzyme-activity determination Protein concentration was determined as described by Bradford (1976) , with bovine serum albumin as standard, or by measuring the A280 of the solution. The enzyme activity for form I (pl 6.8) was assayed in a 0.1 M-sodium phosphate buffer, pH 7.5, whereas form II (pl 6.2) was assayed in a 0.1 M-sodium acetate/acetic acid buffer, at pH 5.5, the pH at which the enzyme exhibited 'optimum stability'. The hydrolysis rates of both enzymes against PADAC or cephaloridine were recorded by using a Perkin-Elmer 550S spectrophotometer, at 25°C and choosing the appropriate wavelengths for each substrate.
One unit of enzyme activity is the amount of enzyme which hydrolyses 1 ,umol of cephaloridine/min at maximal velocity and at pH 7.0 and 25 'C. Purification of the enzymes Bacteria were collected by centrifugation at 16000 g for 30 min at 4 'C, and the pellet was washed three times (with 20 mM-phosphate/0. 15 M-NaCl, pH 7.2) and resuspended in the same buffer. Bacteria were disrupted by four 2 min cycles of sonication (Ultratip Lab-Line System; power 75 W) in an ice bath. After centrifugation at 105 000 g for 1 h, the clarified supernatant was § To whom correspondence and reprint requests should be sent.
Vol. 254 885 extensively dialysed against 20 mM-acetate/acetic acid buffer, pH 5.7. This crude extract was concentrated and applied to a Sephadex G-75 (2.5 cm x 120 cm) column previously equilibrated with the buffer used for the dialysis. The active fractions were pooled and submitted to affinity chromatography. Phenylboronic-agarose with a hydrophobic spacer arm was used as described by Cartwright & Waley (1984) for the purification of similar fl-lactamases. After washing the unbound inactive proteins, a single active peak was eluted with 0.5 M-borate buffer, pH 7.0. This enzymic fraction was further separated into two active peaks by chromatofocusing, using a pH gradient from 7 to 4 as previously described . Each enzymic form was eluted at a pH corresponding to its isoelectric point (determined by isoelectric focusing).
Determination of Mr
The Mr of the enzymes was determined by SDS/ polyacrylamide-gel electrophoresis as described by Laemmli (1970) . The standard mixture contained the following pure proteins: ovotransferrin (Mr 78000), bovine serum albumin (66 200), ovalbumin (45000), carbonic anhydrase (30000) and myoglobin (17200).
Isoelectric focusing
This was performed using a Multiphor LKB apparatus on PAG-Plates pH 3.5-10 as described previously . Amino acid analysis Samples were dried in vacuo in 50 mm x 6 mm (internal diameter) Pyrex tubes and hydrolysed with 200,1 of 5.7 M-HCI (Pierce, Rockford, IL, U.S.A.), containing 1 % (w/v) phenol, in a Pico-Tag Work Station (Waters). After 24 h at 112°C, they were dried in vacuo, and dissolved in 10 ,ul of ethanol/water/triethylamine (2:2: 1, by vol.; Pierce) and dried again. Samples were then derivatized to phenylthioisocyano-amino acids by using ethanol / water / triethylamine / phenyl isothiocyanate (7: 1: 1: 1, by vol.; Pierce), as described by Bidlingmeyer et al. (1984) , with minor modifications.
Temperature-and pH-stability of P-lactamases Each enzyme was preincubated in the appropriate buffer for different periods of time at various temperatures; the enzymic activities were thereafter determined spectrophotometrically at 25°C using 100 /tMcefazolin as substrate. The enzyme activity was tested at different pH values at 25°C, either directly or after a 10 min preincubation under the same conditions except for the absence of substrate. The residual activity was determined as described above. The following buffers were used: 0.1 M-sodium phosphate (pH 6.0-8.0), 0.1 MTris/HCl (pH 8.0-9.0); 3 M-KCI was added to all buffers, as described by Waley (1975) , in order to minimize ionicstrength differences.
Kinetic parameters for penicillins and cephalosporins
The experiments were performed at 30°C in 25 mMsodium phosphate, pH 7.2, containing 0.2 M-NaCl and bovine serum albumin (0.05 mg/ml). The values of Km and kcat were derived from complete time courses obtained with a Beckman DU8 spectrophotometer interfaced to an Apple II microcomputer. The curves were analysed as described by De Meester et al. (1987) .
The conditions were chosen so that the reaction was virtually complete within 2 min, in order to avoid problems due to the progressive inactivation of the enzyme. Table 1 summarizes the results of a typical purification. The overall yield (form I + form II) was about 3700, form I representing about 780 of the total. Fig. 1 shows the elution pattern from the affinity-chromatography column and Fig. 2 the separation of the two forms by chromatofocusing. Fig. 3 shows an SDS/polyacrylamide gel of samples at various purification stages. From those data, Mr values of 28500+500 and 29000+500 were found for form I and II respectively. Isoelectric focusing (Fig. 4) indicated pI values of 6.8 + 0.05 and 6.2 + 0.05 for forms I and II respectively. A titration curve, obtained and ,1-lactamase activity (-* -.), which was measured using cephaloridine as substrate. ), the pH of each fraction ( *), and the activity of each fraction (-M-e-) with cephaloridine as substrate, was determined.
RESULTS

Purification, Mr values and pl values
on PAG-plates 3.5-10 indicated that form II behaved more acidically throughout the pH range 4-9. Amino acid analysis
In agreement with its higher pI, form I contained four additional basic residues when compared with form II. It was thus possible to calculate that about 23 out of the 52 Asx + Glx residues of form I were Glu or Asp, whereas 20 or 21 of the 51 Asx + Glx of form II were Glu or Asp (Table 2) . Stability of the enzymes Both proteins were stable during a 10 min incubation over the pH range 5-8 and lost 80 % of activity after 10 min at pH 4.0 and 60 % after 10 min at pH 9.0.
Moreover, over the pH range 4-9, the stability profiles for both forms were practically superimposable. The influence of the temperature of incubation on the firstorder rate constant for the decrease of activity at pH 5.7 is given in 
DISCUSSION
The 8-lactamases of Citrobacter diversus are poorly investigated, but their contribution to the antibioticresistance phenomenon is an emerging clinical problem, probably on account of the presence of both chromosomal-and plasmid-mediated enzymes. The present paper focuses on the enzymes produced by a clinical isolate of Citrobacter diversus ULA-27 . This strain produces two forms of ,-lactamase with pl values of 6.8 and 6.2 respectively and a very similar Mr value of about 29 000. We previously reported that both enzymes were sensitive to p-chloromercuribenzoate and iodine and were strongly inhibited by clavulanic acid (Tajima et al., 1981; Joris et al., 1986 ), Bacillus cereus 569/H produces a soluble class B Zn2+ metallo-enzyme (Davies et al., 1974) and soluble and membrane-bound forms of two distinct class A enzymes (Neilsen & Lampen, 1983; Hussain et al., 1987) . Strains of Klebsiella pneumoniae manufacture three different ,J-lactamases, TEM-1, TLE-2 and SHV-1, coded for by the same plasmid, pUK702 (Reid et al., 1987) . The exact relationships between the three enzymes have not been established, although some similarities appear between the TEM-1 (class A) and the TLE-2 enzymes. 'Ragged' N-termini, probably due to a poor specificity of the signal peptidase, are also observed with some class A fl-lactamases (Ambler, 1970; Dehottay et al., 1987) .
The two /8-lactamases are produced constitutively by Citrobacter diversus. In both cases, the genetic information is chromosome-encoded. The general properties of both enzymes, such as their pl values, Mr. values and substrate profiles, appear to be those of class A ,J-lactamases. However, the presently available data do not permit us to decide whether the two enzymes are the products of different genes or if they correspond to different processings of the same precursor.
